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Introduction
Among the various II-VI semiconductors such as ZnS, ZnSe, CdTe, CdS, etc., zinc oxide (ZnO) plays an important role in terms of chemical and physical properties. ZnO possesses remarkable characteristics, e.g. it is a wide bandgap semiconductor (3.37 eV) with a large excitonic binding energy of 60 meV. Nanostructured ZnO remains an attractive material because it has great potential for a variety of practical applications, such as in nanoscale devices, as light-emitting diodes, 1,2 magneto-optical devices, 3 ultraviolet lasers, 4,5 gas sensors, 6 ,7 solar cells, 8, 9 photocatalysis, etc. 10, 11 ZnO nanocrystals can be obtained in numerous morphological varieties related to a multitude of synthesis approaches. Particularly, various soft chemistry synthesis techniques have been developed to elaborate ZnO nanocrystals with good crystallinity and controllable shape and size, such as hydrothermal or solvothermal process, 12, 13 sol-gel, 14 precipitation method, 15, 16 polyol process, etc. 17, 18 In this work, we have adopted the cost competitive and simple aqueous precipitation process using low-cost precursors such as zinc nitrate or zinc chloride together with sodium or potassium hydroxide to prepare zinc oxide. Our main purpose is to evaluate the influence of the zinc precursors, the basicity and the temperature on the aqueous synthesis of ZnO. We demonstrate the important role of the alkaline ratio b (b = [OH -]/[Zn 2+ ]) and the temperature on the ZnO wurtzite phase formation.
As far as we know, systematic investigations of the basicity, in this case medium basicity, and the temperature effects on the ZnO synthesis, especially for the lower alkaline ratios (b £ 2), has rarely been studied. For instance, A.M. Pourrahimi et al. have prepared ZnO nanoparticles in aqueous media, from different zinc salts and sodium hydroxide, under identical conditions with a fixed alkaline ratio (b = 2.5) 19 . The NaOH solution (0.5 M) was heated to 60°C and added to the zinc metal salt solution (0.2 M) based on nitrate, chloride, sulfate or acetate. The mixture was stirred and maintained at 60°C for 1 h. The recuperated powders were characterized as wurtzite zinc oxide in all cases; nevertheless, the resulting nanocrystals were obtained with different morphologies that depended on the counterion type of the zinc salt. 20 They prepared zinc oxide using an aqueous solution of zinc salt (0.04 M) and sodium hydroxide with a relatively higher alkaline ratio: [OH -]/[Zn 2+ ] = 15. The authors have used two general preparative procedures; the first involves simply heating the aqueous solution to 101°C for 8 h which then led to the formation of star-like microcrystals of the wurtzite phase. In the second method, the same reagents were stirred at room temperature for 2 h to form wulfingite e-Zn(OH) 2 as an intermediate phase. When the mixture was heated to 101°C for 24 h, e-Zn(OH) 2 transformed to ZnO nanocrystals with needle shape.
L. Jiang et al. have reported the synthesis of ZnO crystals under hydrothermal conditions at 180°C using zinc nitrate and sodium hydroxide with a high alkaline ratio of 20, 30 and 80. 21 All the as-synthesized products were formed with the wurtzite zinc oxide phase exhibiting flower-like morphology with sizes of 5-8 µm when the alkaline ratio was adjusted to 20. Increasing the alkaline ratio to b = 30, the same crystals morphology was obtained but with larger sizes of 10-20 µm.
It is interesting to note that increasing attention is being paid to the solution growth of ZnO nanostructures to obtain different morphologies. [22] [23] [24] Zinc oxide crystal formation involves the two processes of nucleation and growth. It is established that nucleation frequency and growth rate direct the shape and the size of ZnO crystals. The formation mechanism of the synthesized zinc oxide nanostructures in solution has been proposed and discussed by many groups. 25, 28 Generally, the suggested mechanism is based on the formation of wulfingite e-Zn(OH) 2 intermediate phase that transforms to ZnO wurtzite phase. Three mechanisms have been proposed:
(1) Formation of ZnO from e-Zn(OH)2 by dissolution and reprecipitation. (2) In situ crystallization of ZnO from Zn(OH)2 by dehydration and internal atomic arrangement.
(3) Direct solid-solid phase transformation which occurs in the Zn(OH)2 matrix. 29 In this paper, we mainly studied the effect of the alkaline ratio b varying it in the range 0.5-4, as well as the zinc salt precursor and the reaction temperature on the formation of the ZnO wurtzite phase and/or of intermediate phases. We noted that no e-Zn(OH) 2 was formed as an intermediate species under our experimental conditions. Possible reaction processes of the formation of ZnO or of the intermediate phases are proposed and discussed.
Experimental

Synthesis
Zinc nitrate hexahydrate (Zn(NO 3 ) 2 .6H 2 O from SigmaAldrich, 98 % purity), zinc chloride (ZnCl2 from Fluka, 98% purity), polyvinylpyrrolidone (PVP 40 , average molecular weight of 40 000) and sodium hydroxide (NaOH, 98%) were used as received without additional purification. All samples were prepared in aqueous medium using twice-distilled water. We have adopted two preparative procedures; the first involves the samples (series SI) prepared at room temperature (20°C), the second concerns the ones prepared at 95 °C (series SII).
In a typical synthesis, an appropriate quantity of zinc salt precursor (chloride or nitrate of 0.2 M) and a fixed mass of 1391 mg of PVP 40 , used as a dispersing agent as well as stabilizer of the crystals produced, were dissolved in twice-distilled water. A given mass of NaOH base, obtained by varying the alkaline ratio b of OH -/ Zn 2+ from 0.5 to 4, was added to the solution. A white precipitate was immediately formed in the mixture which was kept under vigorous stirring at 20°C for 20 min (series SI). Next, the pH value of each solution was measured and noted. For the second procedure (series SII), each sample was prepared in the same way as SI but additionally heated to and maintained at 95°C for 3 h under stirring. After cooling to room temperature, the resulting white precipitate (SI or SII) was centrifuged, washed several times with water and ethanol, and then dried in air at 60 °C for 12 h.
Once heat treatment of the samples was achieved, the powders were placed into crucible and annealed in air for 2 h at different temperatures in the range of 100-400 °C.
Characterization Techniques
The X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Advance apparatus with Cu(K a ) radiation (l = 1.5406 Å). XRD patterns of the recuperated powders were recorded in the scan range 2q = 5-85°. The average crystallite sizes were calculated from the width of the XRD peaks using the Scherrer formula. 30 Fourier transform infrared (FT-IR) spectra were recorded on a Thermo Scientific Nicolet IR 200 spectrophotometer in the range of 400-4000 cm -1 . The photoluminescence (PL) measurements were carried out at room temperature using a Perkin-Elmer spectrophotometer (LS 55) with Xenon lamp source and 320 nm excitation wavelength.
Results and Discussion
Structure of the Samples and Photoluminescence of ZnO
Structural Study a) Samples Prepared at 95 °C (SII)
XRD patterns of the powders synthesized at 95°C with different alkaline ratios are given in Fig. 1A,B) .
For all the samples prepared with zinc nitrate (Fig. 1A) , the XRD diffractograms are quite similar even though the alkaline ratio b was varied in the range 1-4. Interestingly, a new phase was formed at lower alkaline ratio (b = 1) for the samples synthesized with zinc chloride precursor (Fig. 1B) ; the intense diffraction peak appearing at the low diffraction angle of 11.23°is a typical characteristic of a layered compound having a large inter-layer spacing. This phase was identified as chloride lamellar phase (CLP) which was formed at a lower pH value (~6.3). Note that no similar layered phase was obtained for the samples prepared with zinc nitrate precursor under the same conditions. This result clearly showed that zinc chloride and zinc nitrate have different behaviour that could be related to structural characteristics of the two lamellar phases associated with each of the precursors.
The peak positions of all the XRD patterns (except l is the wavelength of Cu(Ka) radiation (Å) and b is the corrected full width at half maximum (FWHM) of the diffraction peak. 30 The average crystallite sizes of ZnO were calculated by considering the first three peaks (100), (002) and (101) and are found to decrease when the alkaline ratio was increased; 48 nm and 28-30 nm for b=1 and b=4, respectively, for both ZN samples prepared with Zn(NO 3 ) 2 .6H 2 O and ZC ones synthesized using ZnCl 2 salt ( Table 1) .
Note that the effect of the pH medium on ZnO crystallites sizes is not yet well clearly understood and contradictory results could be found in the literature. For instance, S.S. Alias et al. have reported results which are in accordance with ours. 33 The authors prepared ZnO nanocrystals in methanol as solvent at 25°C under stirring for 2 h using Zn(CH 3 Powder X-ray diffraction patterns of as-prepared samples are shown in Fig. 2A,B) . For lower alkaline ratios (b= 0.5; 1), pure layered hydroxide zinc salts were formed: nitrate lamellar phase (NLP) was obtained applying Zn(NO 3 ) 2 .6H 2 O as precursor and chloride lamellar phase (CLP) was formed when ZnCl 2 was used. All the corresponding XRD peaks of NLP and CLP (Fig. 2,  b=0 .5 or 1 ( Fig. 2A,B) (Fig. 2B, b = 2) . Further increasing the alkaline ratio to b ³ 3, only ZnO is formed and the lamellar phases (NLP and CLP) disappear. This indicates that the formation reaction of zinc oxide is highly promoted under strongly basic conditions (Table 1) and then, the ZnO wurtzite phase is formed independent of the nature of the zinc precursor.
Furthermore, it is interesting to report that using KOH as a second base instead of NaOH led to identical results for the two series (SI and SII) indicating that the counter-ion of the strong base MOH (M= Na or K) does not affect the products of the different reactions.
Based on this observed results, we suggest a possible reaction processes for the formation of ZnO and/or lamellar compounds as follows. 35 A projection of the atomic arrangement of CLP, along the b axis, is given in Fig. 3 .
RESEARCH ARTICLE
The CLP structure consists of infinite layers perpendicular to the c direction and separated by 7.88 Å (c/3). These sheets are formed by interconnected Zn(OH) 6 octahedra. The water molecules and Zn(OH) 3 Cl tetrahedra are located between these sheets.
The nitrate lamellar phase (NLP), Zn 5 (OH) 8 A projection of the NLP structure is illustrated in Fig. 4 . It shows infinite parallel layers of Zn(OH) 6 octahedra. The zinc tetrahedra Zn(OH) 3 (O water ) and nitrate ions are inserted between theses sheets which are related by weak hydrogen bonds. The inter-layer distance is about 9.74 Å corresponding to a/2. Compared to the CLP structure, the NLP compound exhibits a longer distance between the sheets and its nitrate units are not involved in the coordination sphere of the zinc cation unlike CLP compound where the chloride ion is actually connected to zinc tetrahedron (Zn(OH) 3 Cl). Based on these observations, Zn 5 (OH) 8 
Photoluminescence Analysis of ZnO
ZN3(SII) and ZC3(SII) samples prepared with different zinc salts and corresponding to hexagonal zinc oxide were selected for the photoluminescence (PL) analysis. Their room temperature PL spectra are given in Fig. 5 .
Generally, ZnO wurtzite photoluminescence spectrum typically exhibits emission bands in the near UV and in the visible range. 37, 38 The UV emission (360-380 nm) is associated with the radiative recombination of an electron from the conduction band with a hole located in the valence band (band-edge emission) or in a trap near the valence band (near-band-edge emission). The visible luminescence of ZnO contains violet-blue (390-480 nm), green (500-520 nm), yellow-orange (560-600 nm) and red (650-670 nm) bands. The origin of the visible luminescence is frequently related to numerous ZnO defects such as oxygen vacancies (V O ), zinc vacancies (V Zn ), oxygen intersticials RESEARCH ARTICLE M. Mrad, B. Chouchene and T.B. Chaabane, 106 S. Afr. J. Chem., 2018, 71, 103-110, <http://journals.sabinet.co.za/content/journal/chem/>. 39, 40 ZN3(SII) and ZC3(SII) exhibit comparable luminescence spectra not only in the UV domain (364 nm) but also in the visible region characterized by a dominant large band in 500-690 nm, centred at~605 nm (Fig. 5A) . Nevertheless, ZC3(SII) presents a stronger UV band at 364 nm ascribed to the free exciton recombination but emits less intense visible bands. Generally, ZnO nanostructures with relatively small size and abundant structural defects present strong emissions in the visible region. 40, 41 Comparatively, the intense UV emission band joined to the weak visible emission bands may give evidence for the better crystallinity of the ZnO prepared with the zinc chloride salt. Therefore, ZnO nanocrystals of ZN3(SII) sample are formed with more intrinsic defects that are, manifestly, dependent on the nature of the zinc salt precursor.
In the purpose to improve the ZN3(SII) cristallinity, this sample was annealed at 300°C for 2 h and then its PL spectrum was recorded (Fig. 5B) . Interestingly, the thermally treated nanocrystals show that the UV emission band (~376 nm) becomes more intense and the large visible emission in the range 500-690 nm becomes remarkably reduced.
It was thus shown that the annealing process improved the ZN3(SII) crystallinity and minimized the number of its structural defects. 
Thermal Decomposition of Lamellar Phases
In order to investigate the thermal stabilities of the tow lamellar intermediate phases, diffraction patterns of annealed CLP and NLP samples at various temperatures are recorded (Figs. 6 and 7) . For each phase, we considered only one sample that underwent successive thermal treatments at different temperatures.
Chloride Lamellar Phase (CLP)
The CLP diffractogram of the sample heated at 100°C and the non-annealed one (Fig. 6 ) are identical and no structural change was observed. When the annealing temperature was increased to 250°C, the CLP (Zn 5 (OH) 8 Cl2.H 2 O) was partially decomposed and three phases were obtained, namely, CLP, ZnO wurtzite and b-Zn(OH)Cl which was identified by its most intense diffraction peak appearing at 15.7°corresponding to the interreticular distance d(0 0 2) = 0.565 nm (Fig. 6, b) . 35 The same previous three phases were still detected when the sample was annealed at 300°C but we noticed a narrowing of the CLP diffraction peaks widths with a very weak shift towards the higher 2q angles (Fig. 6, c) . Further increasing the annealing temperature to 350°C led to the disappearance of b-Zn(OH)Cl and the presence of a mixture of the two previous phases that appear with a remarkable disproportionate amount; a very minor amount of the CLP phase and a major amount of the ZnO phase (Fig. 6, d) .
The XRD pattern in Fig. 6 (e) shows that only the diffraction peaks of ZnO wurtzite are detected after annealing at 400°C for 2 h suggesting the complete decomposition of Zn 5 (OH) 8 Cl 2 ·H 2 O.
Based on these observed results, it is possible to propose the following reaction processes to account for the thermal decomposition of Zn 5 (OH) 8 
Nitrate Lamellar Phase (NLP)
The X-ray powders patterns of NLP sample annealed for 2 h at various temperatures are given in Fig. 7 . The sample heated at 100°C and the non-annealed one have the same diffraction pattern corresponding to Zn 5 (OH) 8 (NO 3 ) 2 .2H 2 O (NLP). Increasing the temperature to 150°C (Fig. 7, b) shows the complete disappearance of the NLP phase that decomposes into a mixture of ZnO and monoclinic Zn 3 (OH) 4 (NO 3 ) 2 (S.G : P21/C) having a most intense peak appearing at 12.9°and corresponding to d (100) . 43 The XRD patterns of the sample heated at 200°C and 250°C (Fig. 7, c and d) show the disappearance of Zn 3 (OH) 4 (NO 3 ) 2 and the formation of wurtzite zinc oxide which exhibits intense and well-defined diffraction peaks indicating the improved crystallization of ZnO nanocrystals after annealing at these temperatures.
In view of these observations and based on some previous published works, 44, 45 we can propose the decomposition reactions as follows: These results are in good accordance with the structural characteristics of the lamellar compounds and mainly explain why the zinc salt precursors lead to different reaction products when the synthesis process was realized at 95°C using lower alkaline ratio (SII (b = 1)).
FT-IR Spectroscopy Analysis
FTIR spectra (Fig. 8 ) of the lamellar phases were recorded and analyzed. They are also in good accordance with the structural characteristics of the two compounds, not only for the no annealed samples but also for those heated up to the highest annealing temperature; 400°C for CLP and 250°C for NLP. Thus, the infrared spectrum of Zn 5 (OH) 8 Cl 2 ·H 2 O (Fig. 8A) contains bands in the range 3600-3400 cm -1 corresponding to the stretching vibrations of OH groups; the sharp band at 3590 cm -1 may be assigned to the vibrations of hydroxyl units and the strong one at around 3470 cm -1 can be ascribed to the OH stretching vibrations of the water molecules, the medium intense band at 1670 cm -1 is due to the bending vibrations of the H 2 O molecules. 46 The intense bands at 882 and 710 cm -1 are due to stretching vibration modes of Zn-Cl units and the weak and sharp band at 620 cm -1 is assigned to the d-mode of the O-H groups. [47] [48] [49] The CLP sample annealed up to 400°C presents a typical infrared spectrum (Fig. 8A, a) (Fig. 8B ) mainly contains the specific IR frequencies of the nitrate groups and the hydroxyl units. The three bands on the higher frequency side of the spectrum located at 3593, 3477 and 3320 cm-1 are attributed to the OH stretching vibrations of the layer hydroxyls and the water molecules; the weak band at around 1650 cm -1 is ascribed to the bending vibrations of H 2 O species. The strong sharp band at 1375 cm -1 , the weak ones at 840 and 765 cm -1 and the very weak peak at about 1018 cm -1 are due to nitrate groups and correspond to their asymmetric stretch (n 3 ), the asymmetric (n 2 ) and symmetric (n 4 ) deformations and symmetric stretch (n 1 ), respectively. 45, 48 Finally the weak peak at around 640 cm -1 can be assigned to d(Zn-OH) bending mode. 49 The infrared spectrum (Fig. 8B, a) of NLP annealed up to only 250°C shows the intense band located at about 428 cm -1 that unambiguously corresponds to Zn-O bond vibration of the zinc oxide wurtzite phase. 50 In view of these spectroscopic analyses, it is interesting to note that the obtained results are in good agreement with those of the thermal decomposition study and once again confirm the lower stability of NLP compared to CLP.
Conclusion
Using the aqueous precipitation method, we have principally demonstrated the important effect of the zinc precursor nature to condition the reaction products; zinc oxide or lamellar phases. In a similar way, the role of the reaction temperature and the basicity on the ZnO nanocrystals synthesis has been demonstrated.
When the alkaline ratio b Increasing the alkaline ratio (2 £ b £ 4) leads only to ZnO formation regardless of the zinc salt precursor and the reaction temperature (20 °C or 95 °C).
In view of these results, we envisage to extend the present study to investigate the effect of the previous synthesis parameters on the size and the morphology transformation of the obtained nanocrystals for both ZnO and intermediate phases.
